Breast cancer risk estimations are both informative and useful at the population level, with many screening programs relying on these assessments to allocate resources such as breast MRI. This crosssectional multicenter study attempts to quantify the breast cancer risk distribution for women between the ages of 40 to 79 years undergoing screening mammography in British Columbia (BC), Canada. The proportion of women at high breast cancer risk was estimated by surveying women enrolled in the Screening Mammography Program of British Columbia (SMPBC) for known breast cancer risk factors. Each respondent's 10-year risk was computed with both the Tyrer-Cuzick and Gail risk assessment models. The resulting risk distributions were evaluated using the guidelines from the National Institute for Health and Care Excellence (United Kingdom). Of the 4,266 women surveyed, 3.5% of women between the ages of 40 to 79 years were found to have a high 10-year risk of developing breast cancer using the Tyrer-Cuzick model (1.1% using the Gail model). When extrapolated to the screening population, it was estimated that 19,414 women in the SMPBC are considered to be at high breast cancer risk. These women may benefit from additional MRI screening; preliminary analysis suggests that 4 to 5 additional MRI machines would be required to screen these high-risk women. However, the use of different models and guidelines will modify the number of women qualifying for additional screening interventions, thus impacting the MRI resources required. The results of this project can now be used to inform decision-making groups about resource allocation for breast cancer screening in BC. Cancer Prev Res; 6(10); 1084-92. Ó2013 AACR.
Introduction
The Screening Mammography Program of British Columbia (SMPBC) currently provides regular mammograms for eligible women between the ages of 40 to 79 years (1) . For the past several years, the screening policy recommended by the SMPBC has been primarily based on age, with women between the ages of 40 to 49 years receiving annual reminder letters, women ages 50 to 79 years sent biennial reminders, and women outside these age groups eligible to receive mammograms upon physician referral (1) . However, there are risk factors other than age that significantly raise a woman's risk of developing breast cancer. Recognized risk factors include a family history of breast and ovarian cancer (particularly if the individual harbors a BRCA1/2 gene mutation), high mammographic breast density, elevated body mass index (BMI), early menarche and late menopause, prolonged nulliparity, previous breast biopsy, abnormal biopsy findings, and the use of hormone replacement therapies (HRT; refs. 2, 3). Therefore, a relatively young woman could have a markedly increased risk of breast cancer but may not be identified as such based on her age alone. This is an issue that will likely need to be addressed by screening programs in the future, as it is now known that these risk factors may substantially influence breast cancer risk independent of age (4) .
As the shift toward personalized medicine continues, it is becoming increasingly useful to obtain accurate estimates of breast cancer risk to optimize the prevention and early detection of the disease. Accordingly, a wide variety of models have been developed to compute a woman's risk of developing breast cancer based on personal and familial risk factors. Established risk assessment models include Tyrer-Cuzick (5), Gail (6) , Claus (7), Ford (8) , BOADICEA (9) , and BRCAPRO (10) , which have been used to quantify breast cancer risk in various settings. However, these models base their respective risk computations on different aspects of a woman's personal and familial history, and thus are not equally well calibrated for all populations (11) . Both the Tyrer-Cuzick and Gail models incorporate a variety of hereditary and nonhereditary risk factors (Supplementary  Table S1 ), and have been recently evaluated in their computation of 10-year breast cancer risk (12) . The use of risk assessment models to recommend breast MRI screening for high-risk women has been implemented in the United States, United Kingdom, and in Ontario, Nova Scotia, and Alberta, Canada (13) (14) (15) .
Despite the many benefits and increased cancer detection rate of MRI surveillance, it is neither cost effective nor reasonable to screen all women with this highly sensitive, but expensive modality (16, 17) . Perhaps the most important limitation to breast MRI relates to its low specificity, which has been found to range widely from 75% to 98% (compared with a specificity of 91% to 100% for mammography), although the prognostic value becomes more favorable in women with high familial risk and/or a BRCA1/ 2 gene mutation (18, 19) . The decreased specificity of MRI often leads to additional investigation and work-up, which may include potentially unnecessary biopsies. These procedures can be expensive and anxiety inducing for the woman, and steps should be taken to minimize the occurrence of false-positive screening results (20, 21) . One effective way to maximize benefits and reduce harms is to tailor the screening program to provide additional screening for only the women who are at a high risk of developing breast cancer, as these are the women who will attain the greatest benefit from adjunct screening.
Therefore, the objective of this study was to determine the proportion of women in BC's screening program at high risk of developing breast cancer, using the Tyrer-Cuzick risk assessment model. As a comparison, the Gail model was also used to estimate the breast cancer risk of the same population. To our knowledge, this is the first study to directly compare the full risk distributions of the TyrerCuzick and Gail models on a population level. Similar risk assessments have been conducted in other geographic locations (22) (23) (24) (25) , but findings from previous studies may not be directly applicable to the screening population of BC. It is also important to assess breast cancer risk in the context of BC's provincial health care system; knowing the proportion of women at high risk is a useful aid for decision making and the allocation of health care resources, ultimately allowing the impact of various risk-based surveillance and prevention policies to be estimated.
Materials and Methods
A survey questionnaire was developed to collect the personal information and family cancer history of women attending the SMPBC. Survey questions corresponded to the parameters of the Tyrer-Cuzick model and included age, height, weight, ethnicity, ages of menarche and menopause, parity, HRT use, previous oophorectomy, prior breast biopsies, and any abnormal biopsy findings such as ductal carcinomas in situ (DCIS) or lobular carcinomas in situ (LCIS). Extensive family history of cancer was also obtained for all first-, second-, and third-degree relatives, including parents, grandparents, aunts and uncles, nieces and nephews, cousins, children, siblings, and half-siblings.
Where applicable, the type of cancer and age at diagnosis were both recorded, as well as any available genetic testing information for the respondent and family members.
A sample of women enrolled in the SMPBC was recruited to the study by staff and volunteers; each participating woman gave voluntary consent. The study sample was composed of two cohorts of women. The first cohort included women from three screening mammography centers in BC: Kelowna (Site A), Victoria General Hospital in Victoria (Site B), and BC Women's Health Centre in Vancouver (Site C) between August 2009 and January 2010. Surveys were distributed by on-site volunteers and clerks. Respondents participated in the study in three ways; they could complete the survey by mail, phone, or a website dedicated to this project (26) . Phone interviews were held at the woman's convenience, and a database was developed to gather and store respondent information. In addition to this first cohort of women, a second group was later recruited by mailing the same survey out with the woman's regular SMPBC mammogram reminder letter. Mailing out the surveys increased the sample size and allowed for the representation of additional, more remote communities of BC. This second cohort of women returned the questionnaire by mail. All respondents were assigned a unique ID to maintain anonymity and confidentiality.
Each woman's 10-year risk of developing breast cancer was computed using both the Tyrer-Cuzick and Gail models (5, 6). Tyrer-Cuzick risks were computed automatically using the IBIS Risk Evaluator were computed by an in-house interface using the publicly available Gail model source code for the calculation engine (28) . Since the completion of our work, a special SAS macro, updated December 2012, is now also available to project breast cancer risks using the Gail model in batch mode (29) . Given that the Gail model does not include the presence of BRCA1/2 mutations and is not recommended for women with a history of DCIS and LCIS, Gail risks were calculated assuming that the women were BRCA-negative and without a history of LCIS. None of the respondents in the SMPBC had a personal history of DCIS or previous breast cancer. As the cases of BRCA1/2 and LCIS were relatively few in number (3 BRCA-positive women and 2 women with LCIS in the total sample of 4,266), it is not expected that this substantially affected the Gail model estimates. To ensure reproducibility of risk estimates, batch processed 10-year and lifetime risks from the Tyrer-Cuzick IBIS evaluator were compared with the interactive version for 50 randomly selected respondents. Batch calculated 5-year and lifetime risks from the Gail model source code were compared with the online calculator's estimates for 50 randomly selected women. Risk estimates for both models in batch mode were found to agree exactly with the risk outputs of the corresponding risk assessment tools.
From the risk outputs obtained, women were then classified into risk categories using guidelines from the United Kingdom's National Institute for Health and Care Excellence (NICE; London, United Kingdom). High risk is defined by the NICE guidelines as having a risk "more than 8%" of developing breast cancer in the next 10 years (14) . Moderate 10-year risk is a 3% to 8% probability of developing breast cancer, and low risk is below 3%, which is approximately equivalent to the risk of the general population. As both the Tyrer-Cuzick and Gail risk assessment models provide 10-year breast cancer risk estimates, the NICE guidelines were used to classify women as high-risk in both models. Using data from BC Stats and the SMPBC, the number of high-risk women eligible for adjunct breast screening in BC was extrapolated from the risk distribution of the study sample. MRI resource calculations were based on the expert opinion of radiologists specializing in breast imaging.
This project was approved by the British Columbia Cancer Agency Research Ethics Board (UBC BCCA REB Certificate #H09-00681).
Results and Discussion
In total, 4,266 women completed the survey, with 3,035 (71%) obtained from the first cohort of women who were recruited "in-clinic" and 1,231 (29%) from the second "mailout" cohort. Of the three screening clinics, only Site B was able to facilitate the documentation of response rate; study uptake at this site was found to be 47%. This is comparable with the on-site study uptake of 31% to 50% in a similar risk assessment study conducted by Evans and colleagues (23) . Despite the low response rate of the "mail-out" respondents (10%), the two cohorts were not statistically different in the majority of their risk factor distributions. c 2 tests for frequency distributions showed that the two cohorts differed significantly at the 0.05 level for 5 of the 22 risk factors analyzed (age, ethnicity, Ashkenazi inheritance, current/previous HRT use, and second-degree cancer history) but did not statistically differ for the other 17 risk factors (education, previous biopsy, number of biopsies, abnormal biopsy findings, age at menarche, age at menopause, HRT type, intended length of HRT use, oophorectomy, age at oophorectomy, parity, age at first birth, number of births, ovarian cancer history, genetic test results, first-degree cancer history, and cancer history in all relatives). The cohorts had average 10-year Tyrer-Cuzick risks of 3.31% and 3.24% for the "inclinic" and "mail-out" groups, respectively (3.17% and 3.20% using the Gail model). Hypothesis testing of the difference between cohort means showed that the mean risks of the cohorts were not significantly different within the risk assessment models (two sample z test, P ¼ 0.29, Tyrer-Cuzick model; P ¼ 0.54, Gail model).
The 4,266 women included in the final analysis were between the ages of 40 years and 79 years, with a mean age of 56.6 years (SD, 9.6 years). Respondents had an age distribution similar to that of both BC residents and women in the Screening Mammography Program (Fig.  1A) . The predominant ethnicity of the survey population was reported to be British/Irish/Scottish/Welsh (54% of respondents; Fig. S2 ). This has implications for the use of web-based technology in future studies; computer and tablet surveys may become a more effective modality for data collection, particularly when targeting the younger demographic.
Overall, the median 10-year risk for all respondents ages 40 to 79 years was found to be 2.63% [interquartile range (IQR), 1.66%] using the Tyrer-Cuzick model and 2.86% (IQR, 1.41%) using the Gail model (Table 1) . For women more than the age of 50 years, the median 10-year Gail risk was slightly higher than the median 10-year Tyrer-Cuzick risk. However, the Tyrer-Cuzick model found 3.5% of all respondents in this study population to be at high breast cancer risk, whereas only 1.1% of the study population was considered to be at high risk using the Gail model (Fig. 2) . When the risk estimates generated by the two models were directly compared, some respondents at high 10-year risk according to one model were not necessarily considered to be high risk by the other model (Fig. 3) . Specifically, 134 women in the study population (3.1%) were identified as high risk only by the Tyrer-Cuzick model, and 32 women (0.8%) were identified as high risk only by the Gail model. Seventeen women (0.4%) were considered to be high risk by both models. However, the two sets of assigned 10-year risks showed a greater correlation (Pearson correlation coefficient, r ¼ 0.54) than the lifetime risk results found by Quante and colleagues (r ¼ 0.34; ref. 12) , indicating that the risk computations of the two models show stronger association for 10-year risk than lifetime risk. One reason for this could be that the Gail model accounts for competing risks of mortality other than breast cancer, whereas the Tyrer-Cuzick model (Version 6.0) does not (31) . Competing mortality becomes more important when the risk is projected over increasingly long intervals, as is often the case when computing lifetime breast cancer risk.
Although the Tyrer-Cuzick model is considered to be the most comprehensive and accurate risk assessment model to date, to our knowledge, it has not yet been validated in the BC population. Another limitation of this study is the relatively small sample size. As a result, the populations of interest, specifically women at high risk of developing cancer and/or carriers of BRCA1/2 mutations, are few in number. Thus, it is difficult to evaluate the calibration of risk assessment models in the upper tail of the risk distribution; there may be substantial uncertainty in the estimates of number of truly high-risk women in the general screening population. Although we attempted to recruit women from all geographic areas of BC, enrolment was disproportionate from the various sites and screening locations, and not all the cities across BC were represented in this study. Even so, the results should remain valid and applicable, with the risk distribution being representative of large areas of BC in which most of the population resides. The majority of the surveys were returned from women attending screening centers in Vancouver, Victoria, and Kelowna, three of the largest metropolitan areas by population in BC (32) . Women typically self-enroll for screening mammography, and it has been shown that screening participants in the SMPBC have lower mortality rates for most cancer types than nonparticipants (33) . Thus, it could be speculated that screening participants as a whole may exhibit different characteristics than the general female population of BC, including heightened health-related conscientiousness and increased use of medical services. In addition, women perceiving themselves to be at high breast cancer risk (such as those with a strong family history of cancer) may have been more motivated to respond to the survey, leading to potentially increased risk estimates (34) . If additional MRI screening was implemented for high-risk women in the BC population, it would be these same women already in the SMPBC who would likely use these services. Nonetheless, the results of this study are in line with similar risk assessments undertaken by other groups. A study conducted by Evans and colleagues (23) in the United Kingdom used the Tyrer-Cuzick model to assess breast cancer risk, finding the median 10-year risk of women ages 45 years and older to be 2.65% with an IQR of 2.10%-3.45%. This is remarkably similar to the median 10-year Tyrer-Cuzick risk of 2.63% for women in this study and median Gail risk of 2.86% (Table 1 ). The same study by Evans and colleagues found that 1.07% of women in the United Kingdom had a 10-year breast cancer risk of 8% or more. In another risk assessment study using the Gail model, Graubard and colleagues (22) estimated that 1.09% of women in the United States between the ages of 30 and 84 years were at high lifetime risk of developing breast cancer. It has been noted that the Gail model may underpredict breast cancer risk, as it does not include family history of breast or ovarian cancer in second-degree relatives (35) , whereas the Tyrer-Cuzick model incorporates extensive genetic and family history and may provide more accurate risk estimations (36) . A recent evaluation of model performance by Quante and colleagues (12) found mean 10-year Gail and Tyrer-Cuzick risks of 3.18% and 5.49%, respectively. The mean 10-year Gail risk in this study was also 3.18%, and the mean Tyrer-Cuzick risk was 3.28%, somewhat lower than the estimate by Quante and colleagues. One potential reason for the Tyrer-Cuzick discrepancy could be that the current study population contained very few BRCA1/2-positive women (only 3 of the 4,266 respondents), whereas 5.9% of participants in the study by Quante and colleagues were BRCA-positive.
Of the 4,266 women in the study sample, 151 women (3.5%) were found to be at high 10-year risk of developing breast cancer using the Tyrer-Cuzick model ( 
10-Year risk Frequency
Tyrer-Cuzick 10-year risk Gail 10-year risk Prevention Collaborative Group (3) described several factors significantly increasing breast cancer risk in postmenopausal women; a group of women that comprised 60% of the SMPBC study population. Among the high-priority risk factors were several that were surveyed in the current study, including Gail parameters, parity, number of children, age at menopause, BMI, history of HRT, ovarian cancer, family breast cancer history, and age of cancer onset. Although women in the non-high-risk group had a greater range in the number of relatives with cancer (range 1-16), many of these diagnoses were cancers other than breast or ovarian cancer. Risk factors in the literature that were not addressed by the current study include breast density, socioeconomic status, oral contraceptive use, alcohol consumption, diet, and dynamic processes such as height loss and weight gain over time (3, 37) . At present, many of these factors are not included as parameters in risk assessment models, although the discriminatory accuracy of the models may be improved with their incorporation (3).
On the basis of personal and family history alone, nearly one third of the high-risk women identified in this study (30.5%) would be eligible for referral to the BC Cancer Agency's Hereditary Cancer Program (HCP), where a counselor may recommend adjunct MRI screening, risk-reducing strategies, and/or genetic testing (38) . If MRI screening was offered exclusively to BRCA1/2-positive women and their (Continued on the following column) 
MRI resources
After accounting for the 24-month participation rate of 50.7% reported by the SMPBC (1), the number of women in the BC screening population at high breast cancer risk was calculated using the age-specific provincial population estimates (39) . From the Tyrer-Cuzick risk estimates, the percentage of women at high 10-year risk in each age group was multiplied into the projected female population of British Columbia. Approximately 19,414 women attending screening in BC were estimated to be at high breast cancer risk and potentially eligible for MRI screening ( Table 3 ). The MRI resources required to screen these high-risk women were calculated by assuming a rate of 1 MRI screen per year per woman. With the use of a dedicated breast MRI unit, approximately 10 women could be screened in an 8-hour day. Operating such an MRI machine for 14 hours per day would allow 4,393 women to be screened in 1 year; therefore adjunct screening of the 19,414 women at high risk in BC would require 4 to 5 (4.4) additional MRI machines. In comparison, 5,849 women were estimated to be at high risk using the Gail model, requiring 1 to 2 (1.4) additional MRI machines for adjunct screening.
Although the survey sample was composed of a greater proportion of Caucasian individuals and fewer Asian women than the SMPBC population (Fig. 1B) , this has a limited impact on the Tyrer-Cuzick risk estimates as this model does not incorporate ethnicity into its risk computations. The Gail model, however, does account for ethnicity, and as Caucasian women are known to have a higher incidence of breast cancer than Asian women (40) , the breast cancer risk in this survey population may potentially be overestimated relative to the risk of the SMPBC population as a whole. To address this possibility, calculations were conducted to evaluate the impact of differences in the ethnic distribution on the Gail risk estimates. Overall, it was estimated that 1.1% of women ages 40 to 79 years in the study population were at high breast cancer risk using the Gail model. This was equivalent to 6,296 women in the screening program ages 40 to 79 years, requiring 1.4 additional MRI machines to screen these women. If the ethnic distribution was adjusted to approximate that of the SMPBC, by reducing the percentage of "Caucasian" women from 96.6% to 80.1% and increasing the percentages of "Chinese" women from 2.5% to 15.8% and "other Asian" women from 0.7% to 3.8%, it was estimated that 5,937 women would be at high risk, also necessitating 1.4 additional MRI machines. As a result, modifying the ethnic distribution of the survey sample to better approximate the ethnic distribution of the SMPBC did not impact MRI resources as per the Gail risk estimates. The large percentage listed as Caucasian in these calculations is due to the fact that the Gail model calculates Aboriginal and unspecified "other" ethnic groups as being of Caucasian ethnicity.
The full cost of acquiring these MRI machines will vary based on considerations such as the strength of the magnet, one-time set up and installation charges, and the potential use of mobile MRI units for screening women in rural and remote communities of BC. In practice, the actual number of MRI machines required may be fewer than estimated, as there tends to be low uptake to additional MRI screening procedures, even for women at high risk (25, 41) . Factors such as claustrophobia, anxiety, time constraints, fear of injection or additional work-up, medical inability to tolerate the procedure (due to pacemaker, body habitus, or frail medical condition), and medical referring practices may contribute to the fact that only a small number of women undergo recommended breast MRI screening (42) . Another important consideration is the cost effectiveness of screening high-risk women with adjunct MRI. Studies have shown that alternating MRI with mammography is typically cost effective for BRCA1 mutation carriers (43) , but there is little research addressing the use of screening women considered to be at high risk based on risk assessment models. The cost effectiveness and cost of implementing MRI screening were outside the scope of this study, and have yet to be determined in full for high-risk women in the context of BC's provincial health care system. Undeniably, it is beneficial to limit MRI screening to smaller subgroups of the high-risk population, and future work will focus on evaluating the costs and benefits of various screening strategies. The results of this study can be used to inform decision-making groups about resource allocation for breast cancer screening in British Columbia. With these estimates of breast cancer risk, screening programs may be tailored to improve the early detection of breast cancer in high-risk women.
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